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Abstract
Crack tip flipping, where the fracture surface alternates from side to side in roughly
45◦ shear bands, seems to be an overlooked propagation mode in Mode I thin sheet
tearing. In fact, observations of crack tip flipping is rarely found in the literature.
Unlike the already established modes such as slanting, cup-cone (rooftop), or cup-cup
(bathtub) the flipping crack never settles in a steady-state as the near tip stress/strain
field continuously change when the flip successively initiates and develops shear-lips.
A recent experimental investigation has revealed new insight by exploiting 3D X-ray
tomography scanning of a developing crack tip flip. But, it remains to be understood
what makes the crack flip systematically, what sets the flipping frequency, and under
which material conditions this mode occurs. The present study aims at investigating
the idea that a slight out-of-plane action (Mode III type loading) on the tip of a slant
Mode I crack can provoke it to flip to the opposite side. Both experiments and micro-
mechanics based modeling support this hypothesis.
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Morphology
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1. Introduction
The fracture surface morphology that develops during Mode I tearing of ductile thin
sheet metals depends on both the material microstructure such as size, shape, and
distribution of void nucleation sites, as-well as the configuration of existing damage, and
the elastic-plastic material properties. Driven by severe plastic deformation, and hydro-
static tension, a continuous process of void nucleation and void growth to coalescence
takes place at the leading edge of an advancing crack (Pineau et al., 2016). This
process eventually sets the appearance of the crack surface and the crack propagation
mode (cup-cup, cup-cone, or slanting). The evolution of a limited number of voids
is associated with significant void growth, revealing it-self as large dimples on the
fracture surface, and are typically related to severe local thinning of the sheet and
crack tip tunneling. In contrast, rapid growth of a large population of micro-voids
is commonly seen as smaller dimples, e.g during the slant tearing mode where the
crack face has tilted (roughly) ±45◦ to the loading direction. In general, low strength
metals typically show severe tunneling of the crack tip and favor a cup-cup (bathtub
like) tearing mode, whereas crack growth in high strength sheet metals is governed by
plastic flow localizing into one of two shear bands traveling with the tip (slanting) (see
also Pardoen et al., 2004). The transition from flat to slant has been studied in details
by Hickey and Ravi-Chandar (2015). In reality, however, most fracture surfaces show
a mixture of propagation modes. For example, the propagation of a slanted crack can
be accompanied by large shear-lips near the free sheet surface or complete shear band
switches seemingly distributed randomly on the fracture surface. Gruben et al. (2013)
observed an occasional shear band switch (or flip) under Mode I tearing of dual-phase
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steel, whereas Rivalin et al. (2001); Simonsen and To¨rnqvist (2004); Zheng et al. (2009);
El-Naaman and Nielsen (2013) have observed systematic, and successive, flipping of a
slant crack in a range of materials. Nielsen and Gundlach (2016) recently exploited
X-ray tomography scanning to access the sheet interior and studied the very tip of a
slanted crack where a flip is underway. From their study it is clear that the crack tip
flipping develops by the growing shear-lips near the outer surface behind the leading
slanted tip.
1.1. Motivation and preliminary experimental findings
Once the crack slants to a 45◦ shear band under a Mode I far-field an out-of-
plane action develops due to the loss of symmetry in the system. The hypothesis
is that it is this action, in combination with a fortunate set of material properties,
which is responsible for the naturally occurring crack tip flip (see also El-Naaman and
Nielsen, 2013; Nielsen and Gundlach, 2016). Essentially, the asymmetry in the near
tip stress/strain field starts to favor crack propagation in the otherwise inactive shear
band as the out-of-plane deflection of the sheet intensifies.
To investigate the effect of a slight out-of-plane action (Mode III type loading) on
a propagating Mode I tearing crack, and to gain control of the mixity, a set-up where
double edge notched tensile test (DENT) specimens are loaded in combined tension
and torsion is considered, see Fig. 1. Samples were cut from 3 mm rolled 6082-T6
aluminum sheets and heat treated during 16 hours at 180 ◦C from a super-saturated
solid solution state. Finally, the samples were quenched. With this preparation the
samples primarily showed slant fracture over the entire ligament when subject to pure
tensile loading (Mode I). Quasi-static conditions were striven for throughout, and in
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all experiments this implied a tensile loading rate of 0.5 mm/s.
A series of experiments were subsequently carried out under proportional tensile
and torsional loading (Mode I/Mode III). This was achieved by prescribing a rotation
of the lower gripper on the tensile test machine (Instron). An example of a typical
fracture surface morphology is shown in Fig. 2a. Again, a slant fracture surface is
obtained, however, this time a rotational symmetry around the axial center axis is
observed, because the small imposed torsional loading promotes void growth in one of
the two possible shear bands. It is worth to notice that only a very limited rotation (1
deg/s) was applied.
In a final series of experiments, the direction of the torsional load was inverted
halfway through the tests. During the first half the torsional loading rate was 1 deg/s,
and during the last half it was -3 deg/s. The consistent effect was a crack flip as
depicted in Fig. 2b. Thus, the experiments show that the out-of-plane action, in fact,
can change the active shear band and thereby make a growing slant crack flip. Yet it
remains to be clarified what material properties are required for such non-symmetric
loading to be able to cause a shear band switch in a crack evolving under far-field
Mode I.
In the present work a number of numerical simulations are carried out with the aim
of reproducing the qualitative results from the preliminary experimental work, and
investigating how the response depends on various model parameters. While direct
comparison of e.g. force-displacement curves from the experiments and the simulations
could be relevant this would require detailed identification of material parameters,
which is a non-trivial and demanding task (see Springmann and Kuna, 2005; Xue
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Figure 1: Sketch of experimental setup for DENT specimen subject to displacement ∆ controlled
tension and torsion Θ indicated by arrows. Torsion in the clockwise direction (viewed from above)
will be denoted a “positive torsion”, while torsion in the opposite direction will be denoted “negative
torsion”.
et al., 2010) that has not been undertaken. Therefore, in this work, only qualitative
comparisons with experiments are possible. Still, within the numerical framework the
results are quantified and compared.
2. Material model
The presentation is made using general tensor notation, where sub-/super-scripted
indices denote co-/contra-variant tensor components, respectively, and (),i denotes co-
variant differentiation in the reference frame. The incremental field quantities are
denoted by ˙( ) (Budiansky, 1964; Hutchinson, 1973; Tvergaard, 1990).
The classical micro-mechanics based Gurson model is adopted to represent the
void growth to coalescence process that governs the ductile failure of the thin sheets
considered. The material yield surface reads
Φ =
σ2e
σ2M
+ 2q1f
∗ cosh
(
q2
2
σkk
σM
)
− [1 + (q1f ∗)2] = 0 (1)
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Figure 2: (a) Fracture surface after combined proportional (tension and torsion type) loading. (b)
Fracture surface after steady Mode I loading combined with alternating torsional loading.
with the void coalescence model (Eq. 2) introduced by Tvergaard and Needleman
(1984) to accelerate void growth at a critical porosity fc. Final fracture takes place at
f ∗ = f ∗U = 1/q1
f ∗(f) =

f for f ≤ fc
fc + (f
∗
U − fc) f−fcff−fc for f > fc
(2)
The present study assumes a rate-independent material response such that the cur-
rent material state is characterized by; the reference stress in the matrix material,
σM , the Cauchy stress that gives the average stress field in the damaged material, σ
ij,
the void volume fraction, f , which represents the softening effect owing to the evo-
lution of spherical micro-voids. For f = 0 the material model reduces to that of a
conventional J2-flow material. The classical Gurson model is developed for isotropic
material behavior such that the effective Mises stress becomes σe =
√
3sijsij/2, with
sij = σij − GijGklσkl/3 being the Cauchy stress deviator. Here, Gij and Gij are the
metric tensors of the convected frame.
Throughout, void nucleation has been omitted to limit the number of model param-
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eters. Thus, the evolution of the void population is solely determined by the growth
rate
f˙ = (1− f)Gij η˙pij (3)
where η˙pij is the plastic strain increments given by
η˙pij =
1
H
mijmkl
O
σkl (4)
with, mij being normal to the yield surface, H the hardening modulus, and
O
σij the
Jaumann stress rate (see Tvergaard, 1990, for details). Plastic yielding requires Φ = 0
and Φ˙ > 0 during elastic deformation, whereas plastic loading continues as long as
Φ = 0 and mij
O
σij/H ≥ 0. The work on the microscopic and macroscopic levels are
equated such that (1− f)σM ε˙pM = σij η˙pij, which together with ε˙pM = ( 1Et − 1E )σ˙M yields
the microscopic reference stress rate
σ˙M =
EEt
E − Et
σij η˙pij
(1− f)σM . (5)
Here, E is the Young’s Modulus and Et is the tangent modulus. The material hardening
curve (in terms of true stress and logarithmic strain) under uni-axial tension of the
matrix material is approximated by a power-law hardening material such that
ε =

σM
E
for σM < σy
σy
E
(
σM
σy
)1/N
for σM ≥ σy
(6)
Here, N is the strain hardening exponent and σy is the initial yield stress. The power
hardening law is chosen for simplicity and to limit the number of model parameters.
3. Numerical model
A 3D finite element code that accounts for finite strains and finite deformations using
a total Lagrangian formulation is developed from the dynamic form of the principle of
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virtual work ∫
V
τ ijδηijdV =
∫
S
T iδuidS −
∫
V
ρ
∂2ui
∂t2
δuidV (7)
with
ηij =
1
2
(
ui,j + uj,i + u
k
i uk,j
)
(8)
Here, τ ij are the contravariant components of the Kirchhoff stress, ηij are the covariant
components of the Lagrangian strain, ρ is the material mass density, and V and S are
the volume and surface of the domain in the reference configuration.
An in-house FE-code is written in Fortran 2008 with OpenMPI (Gabriel et al.,
2004) for parallel execution on an arbitrary number of CPUs. The partitioning of the
mesh is carried out using the software package METIS (Karypis and Kumar, 1999).
Note that the overall scheme is fully explicit and consequently there is no global system
equation. The stable time step is proportional to the Courant-Friedrichs-Lewi-number
and no artificial scaling of mass is used in the simulations.
The analysis uses 20-noded isoparametric solid elements with reduced (2 × 2 × 2)
Gauss point quadrature for all integrals, except for the mass matrix which requires full
(3× 3× 3) Gauss integration. The equations of motion, i.e. the momentum equations,
are time-integrated using an explicit Newmark β-method.
The Gurson yield surface shrinks in stress space as damage (the void volume fraction
f) evolves in the material, and thus the material looses stress carrying capacity. The
damage evolution in a Gauss point that reaches f = 0.99ff is turned off in order
to maintain numerical stability. When two Gauss points in an element satisfies this
criteria, the element is deleted and any residual forces on neighboring elements are
ramped down over a short period of time (see also Tvergaard, 1982).
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4. Simulations
A geometry and loading equivalent to the one in Jensen (2015) is applied for the simula-
tions, i.e. the regions inside the grippers (of the tensile test apparatus) are considered
rigidly clamped and are therefore not modeled, and by splitting the prescribed dis-
placements into contributions on the upper and lower part a high degree of symmetry
is achieved (see Fig. 3a). These, so-called rotational symmetries, are applicable when
the solution fields (e.g. displacements, nodal forces, etc.) are invariant with respect to
a 180◦ rotation about say the x3-axis. With Fig. 4 in mind, a simple relation develops
such that the forces on a node “A” on the boundary of the computational domain can
be determined by
FAi = f
a,2
i + f
b,1
i + Ψi
(
f c,1i + f
b,2
i
)
(9)
where Ψ = [−1,−1, 1] and subscript i = 1, 2, 3 indicates Cartesian components (see
also Nielsen, 2008, 2010). Similarly, the total (lumped) mass at node “A” becomes;
MA = ma,2 + mb,1 + mc,1 + mb,2. In all simulations two such anti-symmetric bound-
ary conditions are introduced on the (x1, x2)-plane and the (x2, x3)-plane, respectively,
(see Fig. 3b) in order to reduce the computational cost by a factor of roughly 4. The
combined tension and torsional loading is imposed by prescribing a rigid body motion
of the nodes on the plane through (0, 0,−H/2) parallel to the (x1, x2)-plane. All ac-
celerations are introduced gradually using a smooth step function for the displacement
rates.
Referring to the sketch in Fig. 3a and parameters marked by (†) in Table 1 a
dimensional analysis yields the following dimensionless groups
Φ = F
(
H
b
,
B
b
,
T
b
,
r
b
,
Θ˙
∆˙/b
,
∆˙√
E/ρ
, ν, f0, N,
σy
E
)
(10)
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Figure 3: (a) Truncated geometry and modified loading (torsion add translation applied on both
upper and lower part) for modeling. (b) Simulation domain taking advantage of symmetries in order
to reduce model size. Hatched: Anti-symmetric boundary conditions applied. Dotted: Controlled
rigid body motion.
The first four groups are tied to the specimen dimensions which will be kept constant
for all simulations. The fifth group describes the ratio between Mode III and Mode I,
which will also be treated the same in all simulations (close to that of the preliminary
experimental study in Section 1.1). Finally, the Poisson’s ratio ν is fixed at 0.3 which
is an appropriate value for most metals. This leaves four dimensionless groups to be
examined: ∆˙/
√
E/ρ is the ratio between loading speed and speed of sound in the
material, f0 is the initial void volume ratio, N is the strain hardening exponent, and
σy/E is the initial yield stress.
The Gurson model is inherently mesh dependent, and requires an element size
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Figure 4: Illustration of the anti-symmetric boundary condition. Full lines: Original mesh, Dashed
lines: Mesh after a 180◦ rotation around the x3-axis, Letters in boxes: Element label, Numbers in
circles: Node number (local numbering). Note that some items (forces components, node numbers,
etc) are left out for the sake of a clear representation.
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comparable to the dominant void spacing in the material (∼ 100 µm) to ensure an
accurate representation of ductile failure. Thus, a plate of a few millimeters thickness
demands a significant amount of elements – in particular when aiming for propagating
the crack several plate thicknesses. In all simulations 32 elements through the plate
thickness are used. The total number of elements is 70,376 which in itself puts a
constraint on the parametric study, and the number of time steps is on the order of
3,000,000. One simulation takes roughly 15 hours on a computer cluster with 200 CPUs
(10 nodes of dual Intel Xeon E5-2680v2 with 10 cores).
5. Results
First and foremost, the simulations include a reference case as specified in Table 1,
which serves as basis for the parametric investigation. Properties marked with (∗) in
Table 1 are modified systematically in the following sections, while all other properties
remain unchanged, and the Mode I loading rate is set such that the final displacement
of the boundaries always becomes ∆/H = 0.056. The prescribed torsional load (see
Fig. 1) is composed of two parts; first the torsion is in the positive direction, followed by
a twist in the negative direction (at double rate). The event when the torsional loading
changes sign is denoted “Changeover” in Table 1. This loading scheme is similar to
that used in the experimental work by Jensen (2015).
5.1. Influence of deformation rate ∆˙/
√
E/ρ
A single experiment takes a couple of minutes in the lab, however, the deformation
is simulated to take place over a few milli-seconds to save computational time. This
is achieved by scaling the loading rates by a sufficiently large factor α, such that
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Material parameter Notation Value
Young’s modulus† E 70 GPa
Yield stress†∗ σy 210 MPa
Poisson’s ratio† ν 0.3
Strain Hardening exponent†∗ N 0.05
Initial void volume fraction†∗ f0 0.01
Critical void volume fraction fc 0.2
Final void volume fraction ff 0.4
Mass density† ρ 2700 kg/m3
Tvergaard parameter 1 q1 1.5
Tvergaard parameter 2 q2 1.0
Geometry Notation Value
Plate height† H 45 mm
Plate width† B 80 mm
Plate thickness† T 3 mm
Ligament width† b 40 mm
Notch radius† r 0.5 mm
Prescribed deformation Notation Value
Max tensile displacement ∆max 2.5 mm
Tensile displacement rate† ∆˙ (dependent quantity)
Torsional displacement rate† Θ˙ (dependent quantity)
Proportional loading 1 ∆˙/Θ˙ 1.0 mm/deg
Proportional loading 2 ∆˙/Θ˙ -0.5 mm/deg
Changeover 1→ 2 ∆inv/∆max 0.36
Displacement rate scaling∗ α = texperimentend /t
simulation
end 1/3 · 105
Table 1: Parameters for the reference case. † Material parameters included in dimensional analysis.
∗ Parameters that are changed in parametric study.
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∆˙ = α∆˙experiment and Θ˙ = αΘ˙experiment. Obviously, this increase in loading rate comes
with the price of dynamic effects and increased kinetic energy. However, it is not the
intention to enter the regime where dynamics plays a significant role, but rather is
it the intention to reproduce the real quasi-static experiments by simulation. Thus,
the first parameter to be investigated is the deformation rate and Table 2 displays the
different load rate scaling factors considered together with an indication of the type of
fracture surface morphology observed. Indeed, by increasing α to 2 · 105 the fracture
surface morphology changes from a clear crack tip flip to a pure slant fracture. In Figs.
5-6 the corresponding tensile force and the torque is shown (A0 is the initial ligament
cross-section area b×T ). While the tensile force is little affected by the loading speeds
considered, large oscillations are observed in the torque, in particular for α ≥ 1 · 105.
For α = 1/2 · 105 and α = 1/3 · 105, the torque curves are nearly identical with the
latter value of α producing a rather smooth response. The kinetic energy is in this
case less than 2 % of the total energy in the system, throughout the simulation, and
it is therefore reasonable to use α = 1/3 · 105 in the remaining simulations to mimic
quasi-static conditions.
It is worth noticing that the predicted crack tip flipping, though assisted by torsional
loading, is the first ever reproduced in a numerical model (to the best of the authors
knowledge). In Fig. 7, the evolution of the crack is investigated by displaying snapshots
of the DENT specimen and contours the void volume fraction f side-by-side. The
contours are drawn for f = 0.026, thereby tracking the front of the damaged zone
near the crack. At displacement ∆/H = 0.0102 the damage level for f = 0.026 is just
becoming visible at the root of the notches. The next two frames at ∆/H = 0.0157
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and ∆/H = 0.0213 show how the initially diffuse damage has become non-symmetric
due to the imposed torsional loading. In fact, localization of damage in a single shear
band is clearly visible. The changeover for the torsional load happens at a tensile
displacement of ∆/H = 0.02, and is marked as a dotted line in Figs. 5-6. The effect is
visible in the frame belonging to ∆/H = 0.0269, where the previously inactive shear
band now becomes the dominant one. The end result is a crack tip flip as seen on the
last frame at ∆/H = 0.0435.
Displacement rate scaling α 1/3 · 105 1/2 · 105 1 · 105 2 · 105
Crack Propagation Mode Flip Flip Flip Slant
Table 2: Load cases for demonstrating the influence of deformation rate. Other model parameters are
as given in Table 1.
5.2. Influence of initial void volume fraction f0
In this section the initial void volume fraction f0 of the material is varied systematically
taking the values in Table 3, while all other parameters remain fixed at the values of
the reference case (Table 1). By doing so, three different crack surface morphologies
are predicted.
When f0 belongs to a small interval around 0.01 – 0.012, the crack tip flip is observed
(see Fig. 8c). The imposed positive torsional load causes a +45◦ slant crack to develop,
which is following by a −45◦ slant crack due to reversal of the “twisting” motion.
However, the exact location of the crack tip flip is influenced by the initial void volume
fraction, and increasing f0 is observed to delay the crack tip flip (see Fig. 8d). In these
cases, the crack advance, and preceding damage evolution, takes place at a speed which
15
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Figure 5: Normalized tensile force for varying loading rates α, keeping all other model parameters
constant with values given by Table 1. Dashed vertical lines correspond (from left to right) the
displacements indicated in Fig. 7 (top to bottom row). The dotted vertical line indicates the event
where the imposed torsional loading changes sign.
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Figure 6: Normalized torque for varying loading rates α, keeping all other model parameters constant
with values given by Table 1. Dashed vertical lines correspond (from left to right) the displacements
indicated in Fig. 7 (top to bottom row). The dotted vertical line indicates the event where the
imposed torsional loading changes sign.
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Figure 7: Left: The DENT specimen at increasing tensile (and torsional) displacement colored by
effective plastic strain. Right: Contours for void volume fraction f = 0.026 with transparent geometry.
The planes with stronger shading are due to “copy + rotate + paste” of the computational domain,
in order to show not only the computational domain, which is merely one-quarter of the real domain.
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enables the crack to react on the out-of-plane action much as it is expected to happen
for a naturally occurring crack tip flip.
However, as f0 becomes larger more rapid damage evolution takes place and the first
positive twist induces a +45◦ slant crack that propagates across the entire ligament. At
the time the second negative torsion is imposed damage is already severe (see Fig. 8e),
and the negative torsion is therefore not sufficient to flip the crack tip. On the other
hand, if f0 becomes too small (i.e. below 0.01), the fracture surface is composed of
two parts. The first part is a cup-cup fracture, whereas the second part displays a
−45◦ slant crack due to the negative torsion (see Fig. 8a-8b). This is owed to damage
evolution being too slow, and the first positive torsion is therefore not sufficient to
induce any preference for one shear band over the other.
The tensile force and torque for various values of the initial void volume fraction
are shown in Figs. 9-10. As expected, by lowering the initial void volume fraction the
tensile force curve shows a higher load carrying capacity of the material and lower
initial void growth rate. Both the peak load and the ductility of the specimen are
affected. Similarly, the torque displays an increased maximum level when lowering the
void volume fraction.
For f0 = 0.02 it is worth noticing that the torque curve drops before the torsional
loading is reversed (at ∆/H = 0.02). This means that the ligament is severely damaged
and cannot sustain the imposed torque. Moreover the biggest negative torque, out of
all cases investigated, is also found for f0 = 0.02 (see Fig. 10). This reflects much
underdeveloped damage in the second shear band as the specimen holds its initially
+45 slant crack throughout the fracture surface.
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(a) f0 = 0.004 (b) f0 = 0.008
(c) f0 = 0.01 (Reference Case) (d) f0 = 0.012
(e) f0 = 0.02
Figure 8: Crack surfaces at end of simulation (∆ = 0.025) for different initial void volume fractions
f0. Other model parameters are as given in Table 1.
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f0 Crack Propagation Mode Fig.
0.004 Cup-Cup followed by Slant −45◦ 8a
0.008 Cup-Cup followed by Slant −45◦ 8b
0.01 Flip (centered, Reference Case) 8c
0.012 Flip (late) 8d
0.02 Slant +45◦ across ligament 8e
Table 3: Load cases for the influence initial void fraction f0. Other model parameters are as given in
Table 1.
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Figure 9: Normalized tensile force for different initial void volume fractions f0. All other parameters
are as given in Table 1. The vertical dotted line indicates the event where the imposed torsional
loading changes sign.
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Figure 10: Normalized torque for different initial void volume fractions f0. All other parameters are
as given in Table 1. The vertical dotted line indicates the event where the imposed torsional loading
changes sign.
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5.3. Influence of the initial yield strain σy/E
The plate’s bending stiffness works against the out-of-plane deflection, while the ini-
tial plastic deformation is largely governed by the initial yielding stress. Thus, one
dimensionless group of key interest is the initial yield strain σy/E.
In the following set of simulations, the initial yield strain is varied using the values
in Table 4. In all simulations Young’s Modulus E is kept constant to leave the dynamics
of the problem unchanged (the density ρ is also kept constant). Thus, the dimensionless
group is varied by changing the initial yield stress σy.
1
The crack surface morphology is shown in Fig. 11 for the cases listed in Table 4
except for the reference case, which is shown in Fig. 8c. It is seen that by lowering
the initial yield strain, and thereby increasing the relative stiffness of the plate, the
crack tip flipping mechanism engages at an earlier state, and vice verse. In fact, by
imposing a sufficiently high value of initial yield strain no flipping is found on the entire
ligament. Instead, the crack remains slanted in the +45 degree shear band. This result
aligns with the experimental study conducted by Simonsen and To¨rnqvist (2004) and
El-Naaman and Nielsen (2013), where a higher flipping frequency is seen for stiffer
systems.
Figures 12 and 13 show the tensile force and torque curves, respectively. Note, that
the force and torque are normalized against the current value of initial yield stress σy,
whereas the deformation ∆/H is maintained for better comparison of the curves. Both
families of curves show similar features and are largely comparable despite the large
1To check the dimensional analysis additional simulations (not included) with constant yield strain,
σy/E, for different σy and E have been conducted, indeed showing no change in the model response.
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σy/E Crack Propagation Mode Fig.
0.001 Flip (early) 11a
0.002 Flip 11b
0.003 Flip (centered, Reference Case) 8c
0.004 Flip (late) 11c
0.005 Slant +45◦ across ligament 11d
Table 4: Load cases for the influence of initial yield stress σy/E. Other model parameters are as given
in Table 1.
interval covered by σy.
5.4. Influence of the strain hardening exponent N
The thinning of the plate in front of the advancing crack tip is largely controlled by
the material strain hardening and, moreover, the strain hardening must be expected
to affect the out-of-plane deflection. Thus, the material strain hardening N is another
dimensional group of key interest in understanding the crack tip flipping mechanism.
Figures 14a-14d show the result of applying the hardening exponents given in Ta-
ble 5. It is remarkable how these results look similar to the ones for varying initial void
volume fraction, expect that small (high) N corresponds to high (small) f0. Also, the
force and torque curves in Figs. 15-16 share strong similarities with the corresponding
curves for varying f0. The simulations suggest that the strain hardening exponent is a
very important parameter for the crack tip flipping mechanism, since changes of only
±10 % have a dramatic effect on the fracture surface.
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(a) σy/E = 0.001 (b) σy/E = 0.002
(c) σy/E = 0.004 (d) σy/E = 0.005
Figure 11: Crack surface morphology for different initial yield strains σy/E. Other model parameters
are as given in Table 1.
N Crack Propagation Mode Fig.
0.04 Slant +45◦ 14a
0.045 Flip (late) 14b
0.05 Flip (centered, Reference Case) 8c
0.055 Cup-Cup followed by Flip (early) 14c
0.06 Cup-Cup followed by Slant −45◦ 14d
Table 5: Load cases for the influence of strain hardening exponent N . Other model parameters are
as given in Table 1.
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Figure 12: Normalized tensile force for different initial yield strains σy/E. All other parameters are
as given in Table 1. The vertical dotted line indicates the event where the imposed torsional loading
changes sign.
6. Concluding remarks
A number of full 3D numerical simulations have been carried out by the use of Gurson’s
material model with the aim of (1) Qualitatively replicate experimental results for
assisted crack tip flipping in a DENT type specimen, (2) Determine the influence of
material parameters on the crack tip susceptibility.
The parametric study shows that crack tip flipping is likely to occur only for certain
materials as the parameter span that shows flipping is fairly narrow. This is, however,
not surprising as systematic and repeated flipping is rarely encountered in experiments.
From the simulation results it is found that the initial void volume fraction and the
strain hardening both are parameters that strongly affect the crack tip flip, but they
have opposite effects: Increasing f0 will delay the crack tip flip, while increasing N
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Figure 13: Normalized torque for different initial yield strains σy/E. All other parameters are as given
in Table 1. The vertical dotted line indicates the event where the imposed torsional loading changes
sign.
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(a) N = 0.04 (b) N = 0.045
(c) N = 0.055 (d) N = 0.06
Figure 14: Crack surface for different strain hardening exponents. Other model parameters are as
given in Table 1.
28
0 1 2 3 4 5 6
·10−2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
N = 0.04
N = 0.045
N = 0.05
N = 0.055
N = 0.06
∆/H
F
/
(A
0
σ
y
)
Figure 15: Normalized tensile force for different values of strain hardening exponent N . All other
parameters are as given in Table 1. The vertical dotted line indicates the event where the imposed
torsional loading changes sign.
will promote the crack tip flip. However, if either parameter becomes too small or too
large the crack tip flip is absent. In these cases a slant fracture, perhaps with a leading
cup-cup fracture morphology, will occur because damage evolves so fast (or so slow)
that only the first positive torsional load (or the second negative torsional load) will
markedly affect the damage level in the ligament.
Compared to the strain hardening and the void volume fraction, initial yield strain
σy has a somewhat weaker effect, although increasing the value will indeed delay the
crack tip flip. Stated differently, the initial yield strain will affect the timing of crack
tip flipping and only outside a relatively large interval will it prevent crack tip flipping
from happening.
All torque curves presented indicate a change of slope that corresponds to the
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Figure 16: Normalized torque for different values of strain hardening exponentN . All other parameters
are as given in Table 1. The vertical dotted line indicates the event where the imposed torsional loading
changes sign.
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change in sign of the prescribed torsional deformation. It seems remarkable that the
crack tip flip is not directly visible in the torque curves, but this result is consistent
with the experimental results of Jensen (2015). It has been noticed that many of the
torque curves experience a small bump in the response (near ∆/H = 0.033), however,
this part is related to the fracture of the ligament itself and not the crack tip flipping.
The tensile force curves consistently show a (small) characteristic feature when
crack tip flipping takes place. For example, the curves corresponding to f0 = 0.01 and
f0 = 0.012 in Fig. 9 show a drop near ∆/H = 0.024, and these are the only cases with
crack tip flipping for varying f0. It can be seen that the tensile force recovers when
flipping occurs, and carefully going through the experimental work of Jensen (2015)
this effect was also observed in the measured curves.
Topics for future work include parametric studies changing parameters what were
held constant in this work. Also, an investigation of how the dimensionless groups
(possibly) interplay with each other would advance the understanding of crack tip
flipping.
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